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a  b  s  t r  a  c  t
Transparent  conductive  and  ﬂexible  Mg  and  Ga co-doped  ZnO  (MGZO)  thin  ﬁlms  were  prepared  on  poly-
ethylene  terephthalate  (PET)  by RF  magnetron  sputtering  technique  at room temperature.  The  effects  of
different  working  pressures  on the structural,  chemical,  morphological,  optical  and  electrical  properties
of  MGZO  thin  ﬁlms  were  investigated.  X-ray  diffraction  results  indicate  that  all the  MGZO  thin ﬁlms  wereeywords:
ransparent conducting oxide (TCO)
g  and Ga co-doped ZnO (MGZO)
lexible thin ﬁlm
grown  as polycrystalline  wurtzite  structures  without  secondary  phases  such  as MgO, Ga2O3,  MgGa2O4,
or  ZnGa2O4. The  MGZO  thin ﬁlm  prepared  at 6  mTorr  has  the  lowest  value  of full  width  at  half maximum.
A  typical  survey  spectrum  of  all the MGZO  thin ﬁlms  conﬁrmed  the  presence  of  Mg,  Ga, Zn  and  O.  The
MGZO  thin  ﬁlm  prepared  at 6 mTorr  showed  the widest  optical  band  gap  energy  of  3.91  eV  and  lowest
electrical  resistivity  of  5.3  × 10−3  cm.
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. Introduction
Light-weight and ﬂexible electronic devices have been promis-
ng candidates for future portable product applications, such as
hin-ﬁlm solar cells, liquid crystal displays (LCDs), organic light-
mitting diodes (OLEDs), electronic paper, and touch screen panels
1–3]. These ﬂexible electronic devices require characteristics such
s high transmittance in the visible region, wide band gap energy,
nd low resistivity for the thin transparent conducting oxide (TCO)
ayer in order to achieve high performance [4]. It is known that
CO thin ﬁlms deposited on ﬂexible substrate present limitations∗ Corresponding author. Tel.: +82 62 530 1709; fax: +82 62 530 1699.
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egarding substrate temperature, and large differences in the ther-
al  expansion coefﬁcients between TCO materials compared to
hat deposited on glass or single-crystal substrates [4]. Generally,
ndium tin oxide (ITO)-based thin ﬁlms are the most widely used
ue to their excellent transmittance and low resistivity [5–9]. How-
ver, ITO-based TCO thin ﬁlms suffer from several drawbacks, such
s the high cost of In, and poor thermal and chemical stability
10]. ZnO-based materials are a promising alternative, because of
heir low cost, relatively low deposition temperature, outstand-
ng electro-optical properties and stability in hydrogen plasma
6]. Un-doped ZnO thin ﬁlms showed a relatively high resistivity
10−2  cm)  and optical band gap energy (3.3 eV). The electrical
nd optical properties of ZnO-based materials need to be improved
y introducing Mg or Group III elements to the ZnO structure
11].
Among the various Group III elements, Ga-doped ZnO (GZO) thin
lms have indicated the best electrical and optical properties due
o the fact that Ga is more resistant to oxidation, and has a sim-
lar ionic radius to those of Zn2+ ions, which minimizes the ZnO
attice deformations, even at higher concentration [6–8]. Previous
esearch on GZO thin ﬁlms indicated a lowest electrical resistivity
f 1.4 × 10−4  cm and widest band gap energy of 3.6 eV [11]. On
he other hand, the electrical properties of GZO thin ﬁlms on ﬂexi-
le substrates were worse than those deposited on glass substrates
3.0 × 10−3  cm). Gong et al. and Ahn et al. reported improvement
n the electrical properties (below 5.0 × 10−4  cm)  of ﬂexible GZO
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eig. 1. XRD patterns (a) and FWHM values (b) of ﬂexible MGZO thin ﬁlms prepared
ith different working pressures.
hin ﬁlms prepared by introducing an SiO2 buffer layer between
ZO thin ﬁlm and a ﬂexible substrate [3,12]. Although outstand-
ng electrical characteristics of GZO thin ﬁlms were indicated, the
and gap energy was limited to 3.6 eV, which resulted in poor per-
ormance for ﬂexible devices.
Alternatively, MgO  is a promising material for controlling the
ptical band gap of a ZnO crystal system [13]. Previous research
howed that the band gap of Mg-doped ZnO (MZO) thin ﬁlms can
e controlled from 3.3 eV to 4.0 eV without changing the crystal
tructure [14,15]. Although MZO  thin ﬁlms showed wide band gap
nergy and n-type conductivity characteristics, they have a high
lectrical resistivity over 105  cm,  indicating limited applicability
n electro-optical applications. Recently, Mg  and Ga co-doped ZnO
MGZO) thin ﬁlms that maintain a low electrical resistivity of less
han 10−4  cm and wide band gap energy of over 3.75 eV were
eported [14]. These studies suggested the possibility of preparing
exible TCO thin ﬁlms with wider band gap energy and lower elec-
rical resistivity characteristics by simultaneously introducing Mg
nd Ga co-doping in the ZnO structure.
This paper reports on MGZO thin ﬁlms deposited on
oly-ethylene terephthalate (PET) by RF magnetron sputtering
echnique at room temperature. The effect of different working
ressures ranging from 4 mTorr to 8 mTorr on the structural, chem-
cal, morphological, optical and electrical properties of MGZO thin
lms was studied.. Experimental details
MGZO thin ﬁlms were prepared on PET by RF magnetron
puttering technique at room temperature. ZnO, MZO  and MGZO
o
U
T
tig. 2. High-resolution XPS spectra of the typical MGZO thin ﬁlm prepared at
 mTorr: core level spectrum for Mg 2p (a) and Ga 2p (b).
eramic targets were prepared using a conventional solid-state
eaction method. A mixture was made from high-purity ZnO
Kojundo, 99.99%), Ga2O3 (Kojundo, 99.99%) and MgO  powders
Kojundo, 99.99%), and pressed using a cold isostatic press fol-
owed by sintering at 1100 ◦C for 4 h in the furnace. The Mg  and
a concentrations were ﬁxed to 5 at% and 3 at%, respectively. Prior
o the deposition of MGZO thin ﬁlms, the PET substrates were
leaned ultrasonically with isopropyl alcohol and deionized water
or 10 min, sequentially. The cleaned substrates were dried with
2 gas ﬂow (99.99%) before being introduced into the sputter-
ng chamber. The chamber was  evacuated to a base pressure of
.9 × 10−6 Torr. High-purity Ar gas (99.99%) was  used as the plasma
ource, and the gas ﬂow rate was  controlled to 40 sccm using a mass
ow controller. An RF power of 175 W was  used for deposition. The
orking pressures of the deposited thin ﬁlms were varied from
 mTorr to 8 mTorr. The thicknesses of deposited thin ﬁlms were
xed at 500 nm.
The crystal structure of the deposited thin ﬁlms was examined
y high-resolution X-ray diffraction (XRD, X’pert PRO, Philips, Eind-
oven, Netherlands) operated at 40 kV and 30 mA using Ni-ﬁltered
u K radiation [ = 1.54056 A˚]. The chemical binding energy and
tomic ratios of the deposited thin ﬁlms were conﬁrmed by X-ray
hotoelectron spectroscopy (XPS, VG Multilab 2000, ThermoVG
cientiﬁc, UK) and electron probe microanalysis (EPMA, EPMA-
600, Shimadzu, Japan) at room temperature. The morphology of
he deposited thin ﬁlms was observed by ﬁeld emission scanning
lectron microscopy (FE-SEM, Model: JSM-6701F, JOEL, Japan). The
ptical transmittance of the deposited thin ﬁlms was  observed by
V-visible spectroscopy (Cary 100, Varian, Mulgrave, Australia).
he electrical properties of the deposited thin ﬁlms were charac-
erized by Hall Effect measurements at room temperature in Van
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e  and f), and 10 mTorr (g and h).
er Paw conﬁguration (M/N #7707 LVWR, Lake Shore Cryotronics,
nc., USA).. Results and discussion
Fig. 1 shows the XRD patterns (a) and full width at half max-
mum (FWHM) values (b) of ﬂexible MGZO thin ﬁlms prepared
1
d
f
ted with different working pressures: 4 mTorr (a and b), 6 mTorr (c and d), 8 mTorr
ith different working pressures. A strong peak located at 34.5◦
as observed in all the deposited thin ﬁlm corresponding to the
0 0 0 2) plane in the ZnO crystal structure [JCPDS Card No.: 89-
297 (ZnO)]. A weak peak located at 36◦ was observed in the
eposited thin ﬁlms prepared at 6 mTorr and 8 mTorr resulting
rom the (1 0 1¯ 1) plane in the ZnO crystal structure, indicating
hat the deposited thin ﬁlms were grown as a polycrystalline and
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exagonal wurtzite structure. The intensities of the (0 0 0 2) plane
n the MGZO thin ﬁlms were enhanced up to 6 mTorr, while they
ecreased with increasing working pressure. These crystal behav-
ors were attributed to the different sputtering yields [9]. When the
hin ﬁlm was  deposited at low working pressure, the sputtering
ield increased with increasing working pressure [9]. The increase
n sputtering yield led to improved crystallinity in the deposited
hin ﬁlms [9]. At high working pressure, the high density of the
puttering yield provided a scattering center for sputtering atoms,
esulting in poor crystallinity [9]. In addition, the diffraction angles
ere not signiﬁcantly changed. This characteristic indicated a lack
f tensile or compressive strain in the deposited thin ﬁlms [11]. The
eak located near 44◦ is attributed to the PET substrate. No other
eaks from other secondary phases were observed, such as MgO,
gGa2O4, Ga2O3 or ZnGa2O4, nor Zn, Mg,  or Ga metallic phases.
ig. 1(b) shows the FWHM values of the MGZO thin ﬁlms prepared
ith different working pressures. The FWHM values of the MGZO
hin ﬁlms decreased from 0.0147◦ to 0.0069◦ at up to 6 mTorr, while
hat prepared at over 8 mTorr increased from 0.0118◦ to 0.029◦. This
ecreased FWHM value of the MGZO thin ﬁlms is attributed to the
mproved crystallinity.
XPS analysis of MGZO thin ﬁlm was conducted to examine the
hanges in chemical binding, and to ﬁnd the Mg and Ga elements
n the MGZO crystal system. Fig. 2 shows the high-resolution XPS
pectra of a typical MGZO thin ﬁlm prepared at 6 mTorr, including
he core level spectrum for Mg  2p (a) and Ga 2p (b). A typical sur-
ey spectrum of MGZO thin ﬁlm indicates the existence of Mg,  Ga,
n, and O in the MGZO thin ﬁlms, as well as C from the reference.
he MGZO thin ﬁlm showed a broad binding energy peak located
t 50.6 eV corresponding to the electronic state of Mg  2p core lev-
ls in the MGZO compounds (Fig. 2(a)) [6]. A binding peak located
t 1149.9 eV was observed in the MGZO thin ﬁlms resulting from
he electronic Ga 2p3/2 and 2p1/2 core levels [6]. Metallic binding
nergy was not observed in all the MGZO thin ﬁlms. These XPS stud-
es conﬁrmed that Ga O and Mg  O chemical bonds were evident
ithout any presence of Ga and Mg  metallic bonds, indicating that
he Ga3+ and Mg2+ ions were perfectly substituted at Zn2+ sites in
he MGZO crystal structure.
Fig. 3 shows FE-SEM images with plane and tilted cross-
ectional views of the ﬂexible MGZO thin ﬁlms prepared with
ifferent working pressures: 4 mTorr (a and b), 6 mTorr (c and d),
 mTorr (e and f), and 10 mTorr m (g and h). It was observed that
he interfaces between the MGZO thin ﬁlms and the PET substrates
ere very sharp without any indication of an interfacial reaction
nd the formation of interfacial compounds. The grains showed
imilar sizes ranging from 30 nm to 50 nm in all the MGZO thin
lms. The tilted cross-sectional FE-SEM images of all the MGZO thin
lms showed very dense microstructures consisting of individual
rains with columnar shape.
Fig. 4 shows the variation of electrical resistivity (a), carrier con-
entration (b), and mobility (c) of MGZO thin ﬁlms prepared with
ifferent working pressures. The electrical properties of the MGZO
hin ﬁlms were improved from 6.0 × 10−3  cm to 5.3 × 10−3  cm
resistivity) and from 1.63 cm2 V−1 S−1 to 4.08 cm2 V−1 S−1 (mobil-
ty) at up to 6 mTorr, while those prepared at over 8 mTorr were
orse, ranging from 5.3 × 10−3  cm to 1.69 × 10−2  cm (resis-
ivity) and from 4.08 cm2 V−1 S−1 to 1.16 cm2 V−1 S−1 (mobility).
n the other hand, the carrier concentration of the MGZO thin
lms increased slightly from 2.2 × 1020 cm−3 to 4.67 × 1020 cm−3
ith increasing working pressures. These electrical characteris-
ics were strongly related to the crystallinity of the MGZO thin
lms. Our structural studies showed that the crystal quality of
he MGZO thin ﬁlms were improved at up to 6 mTorr, and greater
orking pressures were worse with increasing working pressures
Fig. 1). The improved crystallinity of the thin ﬁlms results in a
[
B
d
big. 4. Electrical resistivity (a), carrier concentration (b) and mobility (c) of ﬂexible
GZO thin ﬁlms prepared with different working pressures.
ower defect density and fewer grain boundaries than those with
oor crystallinity [11]. The defects and grain boundaries acted as
ree electron trap centers, which reduced the charge carrier con-
entration and became scattering centers for electron transport,
eading to a decrease in electrical mobility [7,8].
Fig. 5 shows the UV–vis transmittance spectra in the wavelength
egion from 300 nm to 800 nm (a) and the plot of (˛h)2 vs. pho-
on energy (h) (b) of the MGZO prepared with different working
ressures. A very sharp absorption edge was observed in all the
GZO thin ﬁlms, and they shifted toward a lower wavelength from
32 nm to 315 nm with increasing working pressures. This sharp
bsorption edge behavior was  attributed to the homogeneity of
rain shape, size, and low defect density in the MGZO thin ﬁlms
10]. These shifts in the absorption edge were attributed to the
urstein–Moss effects, which arise from the transition energy in
egenerate semiconductors due to the partially ﬁlled conduction
and, and then ﬁnally improved carrier concentrations [16]. These
266 S.W. Shin et al. / Journal of Asian Ceram
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Kim, Thin Solid Films, 519, 4282–4285 (2011).
[14] A. Kaushal and D. Kaur, Sol. Energy Mater. Sol. Cells, 93, 193–198 (2009).ig. 5. UV–vis transmittance spectra in the wavelength region from 300 nm to
00 nm of MZO (a) and MGZO (b) and the plot of (˛h)2 vs. photon energy (h)
f ﬂexible MGZO thin ﬁlms prepared with different working pressures.
ptical characteristics were in good agreement with improved car-
ier concentration (Fig. 4(b)). The optical transmittances in all the
GZO thin ﬁlms were estimated to be in the range of 75–85% in
he visible region. The optical band gap energy of MGZO thin ﬁlms
as measured by a linear extrapolation on the x-axis of plot of
he (˛h)2 vs. photon energy (h). The band gap energy values
f the ﬁlms were found to be strongly dependent on the work-
ng pressures (Fig. 5(b)). The optical band gap energy of MGZO
hin ﬁlms increased from 3.5 eV to 3.91 eV with increasing working
ressures. This optical band gap behavior was in good agreement
ith the Burstein–Moss effects, such as the increase in carrier con-
entration and the shift toward a low wavelength for the absorption
dge.
These results suggest that the ﬂexible ZnO-based thin ﬁlms with
utstanding optical and electrical properties were successfully pre-
ared by introducing Mg  and Ga in the ZnO crystal structure. These
exible MGZO thin ﬁlms with outstanding characteristics can be
asily applied to ﬂexible electro-optical devices.
[
[ic Societies 1 (2013) 262–266
. Conclusion
The wide band gap characteristics of quaternary and ﬂexible
GZO thin ﬁlms were successfully prepared on PET substrate by
F sputtering technique. The structural, morphological, electrical
nd optical characteristics of the MGZO thin ﬁlms were found
o be strongly dependent on the working pressures. A low elec-
rical resistivity of 5.3 × 10−3  cm and wide band gap energy of
.91 eV can be developed in the ZnO-based thin ﬁlms by introduc-
ng Mg  and Ga to the ZnO structure. These ﬂexible MGZO thin
lms with wide band gap energy and low electrical resistivity
re promising TCO material candidates for ﬂexible optoelectronic
evices.
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